Objective: Gonadotropin-secreting pituitary adenomas carry a high risk of local recurrence or progression (R/P) of remnant tumor after first surgery. The clinical characteristics and the long-term outcome of these silent adenomas, which show no signs of endocrine hyperfunction, differ from those of other types of pituitary adenomas. However, to date, no study has focused specifically on gonadotropic adenomas. Materials and methods: To identify prognostic factors of R/P of remnants, we studied the postoperative outcome of 32 gonadotropic pituitary adenomas, defined on immunohistochemical staining, according to their clinical and radiological characteristics as well as the Ki-67 labeling index (LI). Results: The Ki-67 LI failed to provide independent information for the identification of patients at risk of progression of remnants or recurrence. Multivariate survival analysis (Cox regression) showed that neither invasiveness nor remnant tumors nor hyposomatotropism influenced tumor recurrence. The strongest predicting factors of R/P were the antero-posterior (AP) diameter in the sagittal plane (PZ0.014), and the age of the patient at surgery (PZ0.047), with younger patients being at greater risk. Hazard ratios were 2.11 for each 5 mm increase in AP diameter and 0.57 for every 10 years of age. Conclusion: The two simple clinical criteria revealed by our study, the AP diameter of the tumor and the age of the patient, should be helpful in planning clinical management and radiological monitoring after first surgery of gonadotropic adenomas, while awaiting the identification of other pathological parameters.
Introduction
Gonadotropin-secreting adenomas (GSAs) account for w12-17% of surgically treated pituitary adenomas (1, 2) . Since GSAs show no signs of endocrine hyperfunction, their clinical characteristics and long-term outcome differ from those of other pituitary adenomas, which frequently involve extrasellar extension with mass effects, visual disturbances, and pituitary dysfunction (3) . No effective medical treatment is available in the case of GSAs and surgery is the therapy of choice. However, complete resection of the tumors is rarely possible because of their large size and invasive nature. The rate of recurrence of non-functioning pituitary adenomas has been estimated at between 10 and 52% (4-7). Furthermore, the absence of any measurable hypersecretion makes early prediction of recurrence difficult (8) . Given the nature of GSAs, residual tumor regrowth can only be assessed by repeated postoperative magnetic resonance imaging (MRI) examinations. As adjuvant radiotherapy is often advised in cases of recurrent pituitary adenomas, the identification of early predictors of recurrence would help to avoid unnecessary radiotherapy; indeed, the regrowth of the tumor is a very slow process and radiation injuries have been documented. Several reports on non-functioning pituitary adenomas have suggested that the risk of recurrence is contingent upon tumor size, invasiveness, and extent of surgical removal (9) (10) (11) . However, such findings cannot readily apply for individual cases. Moreover, a number of common pathological features of GSAs, such as high mitotic rate, nuclear pleomorphism, necrosis, high cellularity, and cytologic atypia, have turned out to be poor predictors of outcome (2) .
The MIB-1 monoclonal antibody (MAB), which discriminates between proliferating and quiescent cells by targeting the Ki-67 nuclear antigen specific to the cell cycle, has proved helpful in the prognosis of various tumors (12) (13) (14) (15) (16) . However, the usefulness of MIB-1 in predicting the behavior of pituitary adenomas has been variously appreciated. Thus, Hentschel et al. (17) found no relationship between the MIB-1 labeling index (LI) and the recurrence of non-functioning pituitary adenomas; Honegger et al. (18) found a correlation between the expression of Ki-67 and the growth velocity of nonfunctioning pituitary adenomas but not with the invasive behavior; Schreiber et al. (19) demonstrated the usefulness of Ki-67 in evaluating the aggressiveness of silent pituitary adenomas; and Turner et al. (20) concluded that Ki-67 may be helpful in cases of suspected tumoral recurrence or invasiveness. Unfortunately, little information is available specifically regarding GSAs.
We have therefore investigated the clinical, radiological, and pathological characteristics as well as the Ki-67 LI in a series of GSAs to try to determine specific prognostic factors for recurrence or progression (R/P) of these tumors.
Patients and methods

Patients
Thirty-two patients (12 women and 20 men) with a median age of 58 years (range 36-73 years) were treated for GSAs exclusively by surgery at the University Hospital of Angers, France, between 1984 and 1995. All patients were followed up in the same institution until April 2001. Seven other patients with gonadotropic adenomas, surgically treated over the same period, were excluded because of insufficient data after surgery in five cases (two deaths), and because of postoperative preventive radiotherapy in two cases. None of the patients reported here received preventive radiotherapy or treatment for gonadotropic or somatotropic deficiency.
Follow-up monitoring included MRI (or CT scans prior to 1990) 2-8 months after surgery, then yearly for 5 years, and every 4 years thereafter. The presence of a postoperative remnant led to a closer follow-up with MRI twice a year for 3 years, then yearly for 5 years, and then every 2 years. None of the patients were monitored exclusively by CT scans during the entire follow-up. Scans were reviewed by two endocrinologists and a neurosurgeon (PM), blinded to the patients clinical details, treatment, and outcome. R/P was defined as the growth of residual adenomatous tissue O3 mm along one of the three diameters: the AP diameter in the sagittal plane, the rostro-caudal diameter (RC) in the coronal plane, or the transverse diameter (TR); or by the presence of pathological tissue that had not been detected by previous MRI (Fig. 1A-C) . The last MRI determined the last moment of follow-up.
Pathological studies and MIB-1 immunostaining
Pathological examination was performed on paraffinembedded blocks. Fresh adenomatous tissue was initially immersed in a mixture of 0.25% glutaraldehyde and 4% paraformaldehyde for w10 h. Then, following hematoxylin-eosin-saffron staining, 3 mm thick serial sections were used for microscopic examination and immunohistochemical characterization. Immunoreactivity in 5% of adenomatous cells was required for the diagnosis of hormonal secretion (21) . Only pure gonadotropic (follicle-stimulating hormone (FSH)-b and/or luteinizing hormone (LH)-b and/or human chorionic gonadotropin) and a-subunit adenomas were selected for the study; all adenomas classified as mixed adenomas on histochemical criteria, even those with predominant gonadotropic immunoreactivity, being excluded. The archival material was reviewed by one of the authors (SG) and one tissue block representative of each case was selected for Ki-67 assessment. Four cases were excluded from the Ki-67 immunostaining procedure as the corresponding tissue blocks contained no adenomatous tissue (two cases) or were composed mainly of necrotic tissue (two cases). The initial diagnosis of gonadotropic adenoma in the latter two cases was based on immunohistochemical observations made on the non-necrotic areas of the sections.
The selected blocks corresponding to the remaining 28 patients were submitted for Ki-67 evaluation. Briefly, deparaffinized sections were subjected to a microwave antigen retrieval treatment (3!5-min immersions in a citrate buffer (pH 6) at 750 W) and then stained for Ki-67 (MIB-1 MAB at 1/8 dilution; Immunotech, Marseille, France), using an avidin-biotin-peroxidase method (LSAB kit, Dako SA, Paris, France) with diaminobenzidine used as chromogen. A mild hematoxylin counterstain was chosen to obtain satisfactory morphological results and provide optimal conditions for image analysis. In each case, a slide was incubated with normal rabbit serum used as a negative control. Specific nuclear staining, observed in each adenoma, was used as an internal positive control so that no other positive control was required. As is commonly seen in other endocrine neoplasms, Ki-67-positive cells were heterogeneously distributed throughout the tumor. Following studies on proliferative activity in pituitary adenomas (22) (23) (24) , we evaluated the Ki-67 LI in the areas of the tumor where Ki-67-labelled nuclei were predominant. Thus, immunostained sections were screened under the microscope, and the areas containing the greatest number of Ki-67-stained nuclei were outlined with a pencil, allowing easy localization during image analysis.
Morphometry: determination of the Ki-67 LI
Morphometry was performed without prior knowledge of the clinical data. Given that cell counting on numerous microscopic fields is known to be a source of intra-and interobserver variability, area-based image analysis software (Immuno-Analysis 4.22, Samba Technologies, Meylan, France) was used. The Ki-67 LI was calculated as the ratio between the labeled and total nuclear areas. This time-saving approach eliminates counting the nuclei, of which there are several hundred per field, and has been validated by Thapar et al. (2) . Image acquisition was achieved using a light microscope equipped with a tri-CCD camera and a 400! magnification (field area: 42 958 mm 2 ). The number of adenomatous cells per field, depending on the cellular density of the tumor, ranged from 200 to 300 cells per field. First, the image was studied using the blue channel. On this image, a threshold value was determined interactively by the operator to measure the total nuclear area. Then, the same field was examined using the green channel, highlighting labeled nuclei, i.e. Ki-67-stained nuclei, colored in brown by the chromogen, and the nuclear stained area was automatically calculated. Finally, a new measurement was made on the same image following interactive exclusion by the operator of positive adenoma nuclei. This allowed a precise measurement of the background, consisting of hemosiderin deposits, and labeled endothelial cells, which was subsequently subtracted from the initial measurement, allowing the determination of a corrected Ki-67 LI. Ten microscopic fields were examined for each case and the mean and peak LI values, noted Ki-67 LIm and Ki-67 LIp respectively, were recorded.
Statistical analysis
Results are presented as meanGS.D. The Kaplan-Meier product-limit method was used to estimate the survival curve. For survival analysis, the log-rank test and Cox proportional hazard model were used. Because of the small number of events (14 relapses) and the potential risk of 'over-fitting', a forward stepwise regression method was used for the multivariable analysis, leading to the three-variable model. Spearman's rank coefficient was used for studying the correlation between continuous variables. A P value of 0.05 or less was considered significant.
Results
The median follow-up period was 9 years (range 4-17 years). R/P occurred in 14 of the 32 patients (4 women and 10 men; Table 1 ). The median relapse latency was 6 years (range 2-13 years). Figure 2 shows the relapsefree probability curve. The percentage recurrence rates as estimated by the Kaplan-Meier curve were 15.7, 47.8, and 56.5%, after 5, 10, and 13 years respectively. R/P led to abstention in three cases (mild tumor progression and no sight alteration in an 81-year-old patient, patient's refusal, pre-existing total blindness, and no further symptoms despite recurrence), repeated surgery in two cases, pituitary radiotherapy in five cases, and combined surgery and radiotherapy in four cases. Initial and postoperative endocrinological findings are summarized in Table 1 . Six patients had preoperative increased circulating LH, FSH, or a-subunit (Table 1) . Permanent postoperative diabetes insipidus occurred in one patient. Thirty-one patients presented with preoperative visual field disorder. Clinical remission or improvement of visual function was found in 23 patients after surgery. In univariate analysis, R/P was associated with tumor size: AP (PZ0.015) and RC (PZ 0.024), and a young age at surgery (PZ0.027; Table 2 ). Multivariate analysis showed that only the AP diameter of the adenoma (PZ0.014) and the age at surgery (PZ0.047) were independent prognostic factors. Hazard ratios were calculated to show clinically meaningful changes in significant variables (Table 3 ). In contrast, gender, invasion of the cavernous sinus, preoperative hypopituitarism, preoperative levels of FSH, LH and of the a-subunit, postoperative hyposomatotropism, and postoperative remnant tumor (and its size in each diameter) had no independent prognostic value ( Table 2) .
Clinical findings
Pathological findings
The mean Ki-67 LIm and Ki-67 LIp values of the 28 adenomas examined were 1.20G1.05% and 2.01G 1.54% respectively. There was no significant difference in operated GSAs outcome, in terms of either Ki-67 LIm (PZ0.89) or Ki-67 LIp (PZ0.73; Fig. 3) . Immunocytochemical analysis demonstrated the presence of immunoreactivity, i.e, FSH in 18 adenomas, LH in 5 adenomas, a-subunit in 3 adenomas, FSH and a-subunit in 3 adenomas, FSH, LH and the a-subunit in 1 adenoma, and hCG in 2 adenomas.
Discussion
The high rate of recurrence or relapse after surgery is a hallmark of GSAs. In the absence of traditional biochemical markers that permit follow-up, we aimed to identify specific prognostic factors for individual cases of the tumors. Few studies have investigated the prognostic factors for R/P of non-functioning pituitary adenomas and, to date, no study has focused solely on GSAs. The Ki-67 LI, which correlates with tumor cell proliferation (12) (13) (14) 25) , has proven to be of value in tumor prognosis (26) (27) (28) . However, there is some discrepancy in the literature with regard to the relapse rate and invasiveness of pituitary adenomas. Several authors have found a correlation between the Ki-67 LI and the relapse rate (9, 22, (29) (30) (31) (32) (33) (34) , while others have not (19, (35) (36) (37) . However, most of these studies were heterogeneous, including different types of pituitary adenoma and various postoperative therapies. In addition, the definition of tumor invasiveness was based on different criteria, such as histological detection, intraoperative inspection, and radiographic images. Moreover, the indices of proliferation used, i.e., PCNA and Ki-67, differed from one study to another. Since it has been shown that pituitary tumor invasiveness is far more clinically relevant and prognostically informative than the histological finding of dural invasion (2), in our study we defined tumor invasiveness on the basis of MRI findings.
To minimize bias, we excluded immunohistochemically mixed adenomas and focused on a series of 32 gonadotropin-secreting pituitary adenomas that had been treated exclusively by surgery. We found no correlation between the Ki-67 LI and tumor R/P, as defined by MRI findings, in our series. Thus, the Ki-67 LI cannot be used as a basis for clinical decisions in cases of GSA. Our Ki-67 LI results (average Ki-67Z1.16%) are similar to those found in previous studies (38) (39) (40) , which showed that the Ki-67 LI is low in nonfunctioning pituitary tumors, including GSAs. The Ki-67 LI of breast cancer (15%) (28) , high-grade non-Hodgkin's lymphoma (80%) (12, 15) , and also secreting adenomas such as corticotropinomas (3.8%) (2, 41) are much higher. GSAs are known for their slow growth rate and this may account for the fact that the Ki-67 LI, when expressed solely in proliferating and dividing cells, fails to identify the risk of recurrence, in contrast to neuroendocrine tumors with a comparable low growth rate in which Ki-67 LI contributes to the scoring of aggressiveness (42) . Moreover, tumor growth and relapse are complex processes that depend not only on the proliferative activity of tumor cells but also on the combined result of cell proliferation, apoptosis (43) , angiogenesis (44, 45) , degradation of connective tissue stroma by metalloproteinases (46), nuclear accumulation of b-catenin (47), and telomerase activity (48) .
Recently, a trend in decreased overall tumor risks has been noted in patients with hypopituitarism operated for pituitary tumors and receiving conventional hormone treatment without GH replacement (49) . Our results do not confirm the protective effect of hyposomatotropism, but the number of cases in the present study may have been too small to be of significance.
The R/P rate in the cohort studied reached 57% after 13 years. The median follow-up was 8.5 years in the non-R/P group and the median time of relapse in patients who had measurable tumor progression was 5.5 years. This indicates that the true rate of progressive growth over an extended interval is likely to be higher. Gonadotropic adenomas have a high risk of local R/P and thus a prolonged follow-up, including MRI examinations, is mandatory. The minimal duration of surveillance is difficult to ascertain, but our results suggest it should not be less than 10 years. The AP diameter is the strongest predictor of tumor R/P. Previous studies show that relapse is more likely in 'large' non-functional tumors (4). For GSAs, we found that each 5 mm increase in AP diameter was associated with a doubling of the hazard ratio, indicating a corresponding increase in the rate of R/P.
The removal of the tumor was incomplete in 81% of our patients but surprisingly remnant tumors, as well as invasion of the cavernous sinus, detected by preoperative MRI, had no influence on the rate of R/P. It has been suggested that invasiveness and recurrence do not necessarily correlate in non-functioning adenomas (18, 37) . Indeed, the recurrence rate in corticotropic adenomas was found to be very high, although few of the tumors were invasive (50) . The gonadotropic adenomas appear to behave similarly, with silent corticotrope adenomas with a high rate of persisting or recurrent disease (51) and a more aggressive behavior of non-functioning but adrenocorticotropinimmunoreactive tumor (52) . Silent secreting adenomas thus appear to be more at risk of progression than true Table 3 Hazard ratios: each 5 mm increase in antero-posterior (AP) diameter is associated with a doubling of the hazard ratio. The age at surgery is negatively correlated with the rate of recurrence.
Parameters
Hazard ratio 95% CI P value AP diameter (C5 mm) (53, 54) . Taking into account disease-free survival assessments, the age at surgery correlates negatively with the rate of recurrence of GSAs. The apparent larger size of tumors in younger patients was not significant. The median time of R/P did not change significantly across the quintiles of age, ruling out a possible underestimation of R/P rate in older patients. In fact, a higher rate of recurrence has been reported previously in younger patients (36) . This suggests that GSAs in the young may have a particular behavior that needs investigation.
Conclusion
GSAs have a high risk of R/P. The strongest indicators of a risk of R/P appear to be the preoperative antero posterior diameter of the GSA and the age at surgery (the younger the patient, the higher the risk). No threshold can be defined to help in the management of these adenomas and in the decision regarding adjuvant radiotherapy, the frequency of MRI examinations, and the length of follow-up. The index of proliferation based on Ki-67 labeling was found to be of no value. While awaiting the identification of other pathological parameters, the two simple clinical criteria revealed by our study, i.e., the AP diameter of the tumor and the age of the patient, should be helpful in planning clinical management and radiological monitoring after first surgery of gonadotropic adenomas. Our observations need to be confirmed in larger series before definitive conclusions can be drawn.
